Abstract. The Asian tiger mosquito, Aedes albopictus (Diptera: Culicidae), is a highly invasive species and a vector of several viruses of serious concern to public health. Investigating the habitat selection of this species at small to medium scales is essential to the planning of effective prevention and control campaigns. The present group considered detailed data for this species' presence/absence collected at 228 sites on Mallorca Island (Spain) in autumn 2015, 3 years after the first detection of the species on the island. Site occupancy models accounting for false negative detections and imperfect monitoring were used to evaluate the relationships between mosquito presence and habitat variables. In the study area, mosquito presence was negatively associated with altitude, probably as a result of greater human presence at low altitudes near the coast. Moreover, the presence of Ae. albopictus was positively associated with swimming pools as a result of associated gardens, plants and sources of fresh water. These two variables were combined to predict the presence of the species across the entire island.
Introduction
Habitat preference and the pace of range expansion are two central themes in the study of new colonizations by alien invasive species (Lockwood et al., 2007) . The Asian tiger mosquito, Aedes albopictus (Skuse, 1984) , is a highly invasive species native to southeast Asia. It has colonized large areas all over the world, facilitated by the transport of eggs in commodities such as used tyres and 'lucky bamboo' (Dracaena spp.) (Kraemer et al., 2015) , as well as the transport of adult mosquitoes in cars (Roche et al., 2015) . The presence Correspondence: Ana Sanz-Aguilar, Animal Demography and Ecology Group, IMEDEA (CSIC-UIB), c. Miquel Marqués 21, 07190 Esporles, Spain. Tel.: + 34 971 611929; Fax: + 34 971 611761; E-mail:asanz@imedea.uib-csic.es of the Asian tiger mosquito is considered a serious concern to human health because the species is a vector of multiple pathogens including several important viruses, such as Chikungunya, dengue and Zika. Several outbreaks of these diseases have been detected in areas in which the presence of mosquitoes has been noted, such as Europe [European Centre for Disease Prevention and Control (ECDC), 2017]. In Spain, Ae. albopictus has colonized most of the Mediterranean coast and the Balearic archipelago (Miquel et al., 2013; Collantes et al., 2016) . However, the species remains absent or undetected in most of the central parts of the Iberian peninsula (Collantes et al., 2016) .
Low precipitation in combination with high summer temperatures in central Spain could be partly responsible for this pattern of partial colonization (Cunze et al., 2016) . Alternatively, it may be that current observations refer to only the early stages of colonization, and environmental drivers may not play a major role in facilitating species expansion. At a large spatial scale, daytime surface temperature and rainfall levels are the main predictors of the success of this species' invasion (Roiz et al., 2010; Caminade et al., 2012; Cunze et al., 2016) . Thresholds for Ae. albopictus viability have been established at a mean annual temperature of 11 ∘ C, a minimum mean January (winter) temperature of 0 ∘ C and minimum annual precipitation of 500 mm Cunze et al., 2016) . However, in Spain, the species has already colonized drier areas (Collantes et al., 2016) , previously classified as unsuitable by bio-climatic models (Eritja et al., 2005; Cunze et al., 2016) . In fact, several studies have highlighted host availability (i.e. human presence) as the most important factor determining Ae. albopictus distribution (e.g. Ducheyne et al., 2018) . Few studies have analysed the distribution of the Asian tiger mosquito at a small spatial scale in contexts in which climatic conditions are similar (e.g. Manica et al., 2016) . Recent colonizations of islands offer unique opportunities to follow the invasive process and to identify the habitat variables related to the distribution of the species at a meso-scale (Tavecchia et al., 2017) .
The present paper reports on a study of the climatic and small-scale habitat factors associated with the distribution of Ae. albopictus in Mallorca, a Spanish Mediterranean island colonized by the species in 2012 (Miquel et al., 2013) . Among climatic factors, spatial differences in precipitation are expected to potentially affect the species' distribution because mean annual precipitation values in Mallorca are under 500 mm, the commonly accepted threshold for the species' viability (Cunze et al., 2016) . However, Ae. albopictus is a synanthropic species, highly favoured by human density and human activities (Ducheyne et al., 2018) . Consequently, the present authors predict a higher probability of Ae. albopictus presence in highly developed areas and, especially, in those areas with larger fresh water supplies (Manica et al., 2016) .
Assessing the presence and absence of invasive species is not always straightforward. Detection failures can lead to false negatives and to the underestimation of a species' presence (Kery et al., 2013) . During the first phases of colonization, invasive species tend to be more difficult to detect under a given threshold value in abundance (Lockwood et al., 2007) . Site occupancy models allow the estimation of the probability of the presence of a given species across a set of monitored sites, taking into account detection probabilities (MacKenzie et al., 2003) . These models can be used to estimate presence probability as a function of site-dependent covariates (Kery et al., 2013) . Site occupancy models describe the presence of a species, but are not predictive unless the relationships between occupancy probability and habitat covariates are used to project the probability of presence in unmonitored sites (Kery et al., 2013) . The current work used the results of occupancy analyses to predict the expected distribution of Ae. albopictus on the island of Mallorca. The predicted distribution model represents an important tool for the management of this invasive species as it allows the creation of risk maps of its presence in the territory and therefore improves preparedness for its control. (Eritja et al., 2005) . However, the species was first recorded in 2012 and by 2015 the probability of its presence was estimated to be > 0.70 throughout the island (Palmer et al., 2017; Tavecchia et al., 2017) .
Materials and methods

Study area and mosquito data
The present study analyses the distribution of the Asian tiger mosquito in 2015, after the initial phase of spread (Tavecchia et al., 2017) . A network of 228 mosquito oviposition traps (ECDC, 2012) positioned at 1−457 m a.s.l. was deployed in Mallorca from September to November to monitor Ae. albopictus distribution (Fig. 1) . Most traps (n = 221) were sampled three times; however, six traps were sampled twice and one trap only once. At each sampling occasion, the presence or absence of Ae. albopictus eggs or larvae in the oviposition traps was recorded.
The occupancy model
A single-season (i.e. static) occupancy model implemented in the program E-SURGE (Gimenez et al., 2014) was used to evaluate the influences of different habitat variables on the probability of the presence of Ae. albopictus in Mallorca during the year 2015 (3 years after colonization). E-SURGE software was designed to analyse capture−recapture data and, in particular, to deal with uncertainty in state assignment. Because it is highly flexible, E-SURGE can model hierarchical processes such as the monitoring of the sites (i.e. not all the oviposition traps were checked on every occasion) and the detection processes (i.e. the probability of encountering larvae of the species in the trap is conditional on its presence in the area and on the monitoring of the trap). Thus, E-SURGE is particularly useful for integrating different types of data or observations in occupancy models. Moreover, its advanced numerical algorithms and diagnostics of parameter identifiability provide highly reliable results (Gimenez et al., 2014) .
The presence and absence of the species for each oviposition trap (i.e. site) and sampling occasion were coded as '1' and '0', respectively. A code of '2' was used to indicate that a trap was not monitored on that particular occasion. The model was built by defining the following vectors and matrices:
By using a multi-event occupancy model, the probability of occupancy (Ψ) was estimated as the initial state (vector Vector 1) parameter. Matrix Matrix 1 can be used to accommodate trap removal, but in this case trap survival was fixed at 1 (i.e. no trap was removed). Matrices Matrix 2 and Matrix 3 were used to decompose the observation process (i.e. the probability of a given event being observed) into two steps: trap monitoring (m), and mosquito detection (p) conditional on trap monitoring, respectively.
The influence of site-dependent covariates can be assessed by comparing models of the form:
in which α and β are the linear predictors of the relationship between Ψ and each significant habitat covariate X i retained by model selection (see below).
Habitat covariates
The influences of habitat variables related to topography (i.e. altitude), water availability, land use and human activity (Table 1) were assessed at each trap (i.e. site). First, a potential Although this species is known to be present at high elevations (Dhimal et al., 2015) , in Mallorca human infrastructures (cities, villages, urbanized areas and tourist resorts) are mainly located at low elevations near the coast. Consequently, altitude may be considered as a proxy of human presence on the island. Mean precipitation on Mallorca is < 500 mm per year (AEMET, 2012), but presents spatial heterogeneity. Consequently, a positive correlation between Ae. albopictus presence and water availability was predicted. To test this relationship, four different covariates were used: annual precipitation; the normalized difference vegetation index (NDVI); the normalized difference water index (NDWI), and the presence of fresh water artificial ponds (i.e. swimming pools). The NDVI and NDWI were used as proxies for vegetation state and the humidity contained in vegetation (Gao, 1996) . A positive effect of annual precipitation, NDVI and NDWI (as proxies of water availability related to vegetation) on Asian tiger mosquito presence is to be expected. Pools are typically surrounded by gardens in which mosquitoes find plants for resting and small water containers for reproduction (Barker et al., 2003; ECDC, 2012; Samson et al., 2013) . Consequently, a positive relationship between pools and Asian tiger mosquito distribution is likely as a result of the positive association between pools and irrigated gardens (Manica et al., 2016) . The values of these covariates within a 200-m buffer around the trap were calculated. Data on precipitation were obtained from Cliba2 software (Guijarro Pastor, 1986) . Data on NDVI and NDWI were obtained from the Sentinel 2A platform for 23 May 2017 (https://scihub.copernicus.eu/dhus/#/home). Data on pools were obtained from vectorial cartography at a 1 : 5000 scale from the Government of the Balearic Islands (http://ideib.caib .es/visualitzador/visor2.jsp, file MTIB10 MP PG CONSTR1). The Asian tiger mosquito presents urban and peri-urban habitat preferences (Roche et al., 2015; Manica et al., 2016) . Its dispersal is facilitated by car transport (Roche et al., 2015) and its reproduction is mediated by the availability of small water containers (ECDC, 2012) and hosts for blood feeding (Ducheyne et al., 2018) . Consequently, a positive effect of human infrastructures on mosquito distribution was predicted. Seven covariates directly related to human activities were tested. These included the distance between the trap and the closest main road and city, land use (see below), night-time lighting and population density. Negative relationships between the probability of the presence of Ae. albopictus and distances to roads or urban areas were predicted (Roche et al., 2015) . Land use in a 200-m buffer zone around the trap was grouped into three different categories (artificial surfaces; agricultural areas; forest and semi-natural areas) using the Corine Land Cover database (http://uls.eionet.europa.eu/CLC2000/classes/ index_html). The probability of the presence of Ae. albopictus was expected to be higher for areas with a higher proportion of artificial surfaces (Roche et al., 2015; Manica et al., 2016) than for agricultural or forest areas. Finally, positive relationships between mosquito presence and night-time lighting and population density within a 200-m buffer around the trap were predicted (Ducheyne et al., 2018) . Data on night-time lighting were obtained from https://www.lightpollutionmap.info. Population data for urban areas and dissemination zones were obtained from the Statistical Institute of the Balearic Islands (https://ibestat.caib.es/ibestat/estadistiques/poblacio/padro/ 2acef6cf-175a-4826-b71e-8302b13c1262). Population density (number of people living inside each buffer) was approximated by dividing the inhabitants by the residential surface according to urban areas and dissemination zones. The values (surfaces and distances) of habitat variables were calculated using ArcGIS Version 10.2 [Environmental Systems Research Institute (ESRI), Redlands, CA, U.S.A.] and QGIS Version 2.18 (https://qgis.org/en/site/).
First, each habitat covariate was tested alone. Each covariate was considered to have a statistically significant effect on the presence/occupancy rate Ψ when the 95% confidence intervals of in Eqn 1 did not include 0. Then, uncorrelated but statistically significant covariates were combined into multivariate models. Moreover, the importance of each model tested was measured by model information theory based on the Akaike information criterion (AIC) value (Burnham & Anderson, 2002) .
Predicting mosquito presence
The area of Mallorca was partitioned into cells of 1 × 1 km. For each cell, the habitat variables retained by the occupancy analysis were measured. Equation 1 was used to predict occupancy probability in each cell. Spatial analyses and projections were conducted in QGIS Version 2.18.
Results
Model selection was begun by testing the existence of temporal effects on the probabilities of trap monitoring and mosquito detection. Models with a temporal variation in detection and monitoring probabilities were retained (Table 2 ). According to these models, the probability of the presence of Ae. albopictus in an oviposition trap was 83% (standard error = 0.026) and the detection probabilities decreased over the three sessions (Table 4 ). Univariate models showed that five small-scale habitat variables significantly influenced occupancy probability (Table 2) . Mosquito presence was negatively associated with altitude, precipitation and the percentage of the area around the oviposition trap designated as agricultural land. By contrast, mosquito presence was positively associated with the presence of swimming pools around the oviposition traps and human population density (Table 2) . The model including altitude as a predictor of Asian tiger mosquito presence was the best univariate model in terms of the AIC (Table 2) . When significant covariates were combined, only the effects of altitude and the presence of swimming pools were statistically significant (Table 3 ). The predicted distribution indicated a high probability of the presence of the Asian tiger mosquito along the coastal and more touristic parts of the island and those surrounding the main city of Palma (Fig. 2) .
Discussion
Mallorca was initially considered a suboptimal area for the establishment of the Asian tiger mosquito given the climatic conditions of the island (Eritja et al., 2005; Caminade et al., 2012) . However, since 2012 the island has experienced rapid colonization by the species (Tavecchia et al., 2017) . Low levels of precipitation on the island were expected to limit Ae. albopictus reproduction (Eritja et al., 2005) , but this species is a container breeder mostly associated with urban areas and hence, unlike in other mosquito species such as Culex pipiens (Diptera: Culicidae), precipitation itself may play a limited role in the maintenance of breeding sites (Collantes et al., 2016) . The present results show that the probability of the presence of the Asian tiger mosquito in the sampled area was very high, at 83%, indicating the successful spread and settlement of the species in only 3 years. Surprisingly, altitude was found to be the main predictor of mosquito presence on the island, negatively affecting the species' distribution. There were lower probabilities of mosquito presence in the mountains, where precipitation levels are higher than on the coasts. In fact, the study found a weak negative effect of precipitation on Ae. albopictus presence (when analysed individually) that was not significant when altitude was considered in the model and found no effect of vegetation indices (NDVI and NDWI). These results are in agreement with previous results from other Mediterranean areas that failed to detect a relationship between precipitation or NDVI and Ae. albopictus distribution at larger spatial scales (Ducheyne et al., 2018) . Elsewhere, the Asian tiger mosquito inhabits areas at much higher altitudes than those located in Mallorca (e.g. Dhimal et al., 2015) . Consequently, the present authors conclude that altitude per se is not a limiting factor but that its correlation with the mosquito's distribution may indirectly reflect an effect of human presence. Mallorca is a highly populated island and a major tourist destination, and more than 6% of the island's surface had been urbanized by 2006 (Hof & Blázquez-Salom, 2013) . Large amounts of outdoor water (e.g. in irrigated gardens) are thus available, particularly in urban and suburban areas (Hof & Schmitt, 2011) . In addition to altitude, the best model predicting the small-scale Table 3 . Modelling the effects of habitat variables on the probability of occupancy of oviposition traps by Aedes albopictus using multivariate models combining univariate significant uncorrelated covariates ( All the models consider temporal variation in monitoring and detection probabilities. The covariates with statistically significant effects on occupancy probability are in bold. np, number of estimable parameters; Dev, relative deviance of each model; AICc, Akaike's information criterion adjusted for small sample size (c); ΔAICc, difference between current model and the model with the lowest QAICc; w, Akaike's weights. distribution of the Asian tiger mosquito on Mallorca included the effect of the proportion of fresh water ponds (mainly swimming pools) in the vicinity of the oviposition trap, which was positively correlated with occupancy probability. Although chlorine or salty water in swimming pools do not represent suitable habitats for Ae. albopictus, the positive association with this variable is likely to be attributable to the gardens associated with these features (Barker et al., 2003; Samson et al., 2013) . Around pools, mosquitoes can find humans for blood sourcing, plants for resting and small water containers for oviposition [e.g. plant pots and containers, rainwater barrels (ECDC, 2012) ]. In fact, the first larvae in Mallorca were detected in a rainwater barrel in a residential area with gardens and swimming pools (Miquel et al., 2013) . In Mallorca there are about 7000 swimming pools, some of which are probably abandoned after the summer tourist season. These tend to be surrounded by gardens in suburban areas and many of them belong to second homes and tourist resorts (Hof & Blázquez-Salom, 2013) . Irrigated gardens surrounding swimming pools may offer an optimal habitat for Ae. albopictus, mostly independently of rainfall. This fact, in combination with the large transport infrastructure and high numbers of vehicles (half a million private cars and more than 50 000 tourist rental cars in 2015), is likely to be responsible for the rapid spread and wide distribution of the Asian tiger mosquito on the island (Roche et al., 2015) . The results of the distribution projection ( Fig. 2) highlighted areas particularly suitable for the presence of Ae. albopictus. The highest probability of mosquito presence was found in the coastal areas of Mallorca and peri-urban areas of the large city of Palma. These are highly popular tourist destinations and include areas with high ratios of second homes (Hof & Blázquez-Salom, 2013) . Roche et al. (2015) , at a larger spatial scale, found that intense human activities were associated with mosquito presence in southern France and the island of Corsica and that invasion mainly followed neighbourhood dispersal. Unexpectedly for a species with known urban and peri-urban habitat preferences (Roche et al., 2015; Manica et al., 2016) , the distance to urbanized areas or to roads was not found to influence the probability of site occupancy by Ae. albopictus. This unexpected result may be an artefact of how the variable was calculated, with small and large urban areas counted equally. However, other covariates directly related to human presence, such as night-time lighting or population density, were important determinants of Ae. albopictus distribution at larger scales (Ducheyne et al., 2018) , but were not so important in the present study area. This unexpected result may be attributable to the small spatial scale of the current study, an important factor to consider in the study of invasive processes. For example, hotspots of Asian tiger mosquito abundance within the urban area of Rome (but not in suburban rural areas) were found in areas with high vegetation cover (i.e. irrigated gardens) (Manica et al., 2016) . Although the land use variables applied in the study conducted in Rome differed from those used in the present study (i.e. swimming pools), Ae. albopictus still appeared to be associated with areas of the landscape where water is frequently supplied for gardening and other recreational uses. In agreement with Manica et al. (2016) , the current models indicate that irrigated gardens may be important hotspots for mosquitoes in dry coastal tourist areas. This is of crucial importance for the management of the Asian tiger mosquito: numerous breeding sites may be located in private areas and community-based intervention is therefore a fundamental cornerstone of any prevention strategy (Abramides et al., 2011) .
The present study had two important limitations. The first was that mosquito occupancy probability in 2015 was very high, with more than three-quarters of the sites occupied. This ensured a stable distribution (rather than an expanding range) as assumed by the single-season occupancy model, but it limited the discriminant power. A second limitation was that the sites monitored were located mainly in the western and central parts of the island. Nonetheless, the authors were able to obtain firm results on habitat preference that can be used to predict mosquito presence after the expansion phase.
In conclusion, the present study identified the main factors associated with recent Asian tiger mosquito distribution in Mallorca. The predictions of the study model may prove valuable in the implementation of control measures in those areas in which the probability of occupancy by the species is higher. Moreover, the present results can be extrapolated to similar environments (e.g. dry tourist islands with mild temperatures) to prioritize management actions in the early phases of invasion. Prevention and control measures in the Balearic archipelago should be prioritized in those tourist and residential areas at low altitudes with high concentrations of irrigated gardens. In this sense, community-based intervention in coastal private areas, including resorts, still appears to be a key tool in limiting the spread of this invasive species. In addition to control measures carried out by municipal authorities in public areas (e.g. road drains), local authorities should promote citizen intervention (breeding site removal) to improve the efficacy of control of this species.
